In wireless sensor networks (WSNs), location information is regarded as essential information to achieve intelligent monitoring and control. Recently, a large number of rangebased localisation algorithms were proposed. Nearly, all of the algorithms are based on least square method, in which the sum of all ranging error is treated as the performance index. The disadvantage is ignoring the probability characteristics of ranging error. This paper aims to integrate the ranging characteristic to improve the localisation accuracy. First, introducing a probability factor represents the credibility of distance measurement. Then, the probability factor is integrated into the optimised performance index, and the location of unknown sensor node are estimated and calculated. In addition, the method of determining the probability factor of the ranging information is also provided. Finally, we have performed many simulations to validate the performance of the localisation algorithms proposed. Experimental results show that the localisation accuracy is improved.
Introduction
In wireless sensor networks (WSNs), location information is regarded as basic, essential information to achieve intelligent monitoring and control in given environments Su et al., 2002; Gharavi and Kumar, 2003) . The demand for context-aware applications makes location information to gain significance, owing to the fact that location is viewed as one of the most significant contexts. For example, record and management of patient movements are required when dealing with pervasive medical care and health care; environmental monitoring networks need sensing air, water and soil quality to detect the source of pollutant in real time. Modern logistics are required to concern goods transportation, inventory and warehousing. In short, location-based service has become a key enabling technology of these established applications and has been widely used in wireless communication networks, from the short-range Bluetooth to the long-range telecommunication networks (Liu et al., 2010) .
Location information is generally referred to the physical coordinates. Thus, determining locations for sensor nodes is to find out or to estimate the corresponding physical coordinates for sensor nodes (Bachrach and Taylor, 2005) . A simple and straight method is to equip GPS for each sensor node so as to obtain their absolute positions. However, equipping GPS for sensor nodes is primarily non-cost effective for most applications of WSNs, because GPS consumes large energy and requires precise synchronisation with the satellite's clock. In practice, only part of sensor nodes can achieve their locations by GPS equipment or manual configuration. These sensor nodes are referred to as beacon nodes. Other sensor nodes will determine or estimate their locations based on these beacon nodes (Langendoen and Reijers, 2003; Bulusu et al., 2002; Savvides et al., 2001) . Recent localisation methods can be categorised into range-free and range-based localisation. When dealing with range-free localisation, only the locations of beacon nodes are used to estimate the locations for unknown sensor node. On the other hand, in range-based localisation, both locations of beacon nodes and the distance between beacon nodes and unknown sensor nodes are used (He et al., 2003) . Since the distance measurement is used, the localisation accuracy in range-based localisation is often higher than that in range-free localisation. Although many range-based localisation methods have been proposed such as RSSI (Bahl and Padmanabhan, 2000) , TOA (Ward et al., 1997) , TDOA (Priyantha et al., 2000) and AOA (Niculescu and Nath, 2004) , these localisation algorithms are mainly based on the least square method. The disadvantages are not considering the characteristic of different distance measurements. In another word, these localisation algorithms assume the same measurement error for all distance measurements (Lee et al., 2006, Vivekanandan and Wong, 2006; Liu et al., 2007; Bagci et al., 2009; Amundson et al., 2011; Beghdad, 2012; Zheng et al., 2012; Abu-Mahfouz and Hancke, 2013) . Obviously, this assumption is not reasonable. The primary focus of this paper becomes upon the unreasonable assumption. We assign different weights for distance measurements to reduce the effect of distance measurements with greater error.
The contributions of this study are described as follows. First of all, we formulate the localisation problem by introducing a probability factor to represent the credibility of distance measurement. Then the probability factor is integrated into the optimised performance index. On the basis of the optimised performance index and the ranging information, the location of the unknown sensor node is estimated and calculated. In addition to the process, the method of determining the probability factor of the ranging information is also provided. Finally, we have performed many simulations to validate the performance of the localisation algorithms proposed in this paper.
The remainder is organised as follows: Section 2 illustrates the motivation, and Section 3 formulates the range-based localisation problem, defines the optimal performance index, and gives the constraints. The method of determining the probability factor is shown in Section 4, while the simulation results are performed in Section 5 to validate the proposed localisation algorithms. Finally, Section 6 draws conclusions and discusses the future work.
Motivation
In range-based localisation, two steps are required to determine the location for the unknown sensor node (Liu et al., 2010; Bachrach and Taylor, 2005) . The firs-step deals with measuring the distance between unknown sensor node and beacon nodes. The second step, consists of calculating the coordinates for the unknown sensor node. Figure 1 shows an example of trilateration and multilateration. In a 2-D environment, three beacon nodes can determine uniquely the location for one unknown sensor node (if distance measurements are completely accurate). In practice, the measurement error is unavoidable so that it is possible to improve the location accuracy by utilising a larger number of distance measurements. Let (x, y), (x i , y i ) and d i denote the location of the unknown sensor node, the location of the ith beacon node, the Euclidean distance between the ith beacon node and the unknown sensor node, respectively. For each distance measurement, we can have the following constraint:
where 1 , i n ≤ ≤ and n represents the number of beacon nodes.
For all beacon nodes, the following equations are obtained: 
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With least square method, we can obtain the location of the unknown sensor node.
In the above solution, the following performance index is optimised:
Such performance index implies that different distance measurements are treated with the same manner and the same confidence. This treatment is unfair for different distance measurements. For example, when the distance measurement is the radio signal strength; the longer the distance, the greater the error is. Therefore, we should treat different distance measurements with different confidence or probability factor. This is the primary motivation of the paper.
Problem formulation
This section will formulate the localisation problem in WSNs. As shown in Figure 2 , let (x i , y i ), i = 1, 2, …, n, denote the location of the ith beacon node, let (x, y) denote the location of the unknown sensor node, and let d i denote the distance between the ith beacon node and the unknown sensor node. In addition, the unknown sensor node can achieve all distance measurements and the locations of beacon nodes. Then, we can obtain the constraints, which can determine the location for the unknown sensor node.
where n represents the number of beacon nodes.
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Owing to the existence of the error of distance measurement, we cannot obtain the only accurate solution for equations (7). To obtain the solution, we need to define the performance index shown as in equation (8). 
In the above performance index, the ith probability p i represents the confidence of the ith distance measurement. P is the diagonal matrix where 1 
where Γ is the performance index.
Theorem 1:
In the formulated problem of equation (9), the optimal solution can be obtained by the following equation:
Proof: To obtain the minimal value of Γ, we need to make:
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Therefore, we can obtain the value of X as shown in the following equation:
4 Determination of probability factor
According to the analysis in the section above, the location of the unknown sensor node is determined by three parameters A, B and P. Within these parameters, the parameter A is determined by the locations of beacon nodes, and the parameter B is determined by the locations of beacon nodes and the distance measurements.
Since the diagonal matrix P is used to express the credibility of distance measurements, P should be related with the distance measurements or be a function of the distance measurements. The function is illustrated in equation (11).
( ), 1,2, , 1.
After obtaining each probability factor p i , the diagonal matrix P is easily determined. In the next section, we will provide a heuristic method to determine the probability diagonal matrix P. In WSNs, radio signal is often used to measure the distance. Generally, the longer the interval distance, the greater the distance error is. Therefore, we have designed the following relationship between the confidence of the distance measurement p i and the interval distance
where α and d 0 are constants defined in advance.
On the basis of the probability factor p i obtained by equation (12), we can obtain the normalised value by the following method: Figure 3 shows an example of the probability factor when α = 0.3 and d 0 = 2. The distance measurement is completely trustworthy when it is not less 2. Then as the distance increases, the confidence or the probability factor decreases gradually and the change mode is determined by the parameter α.
Simulation results
In this section, some simulations are performed to validate the localisation algorithms proposed throughout the paper. Figure 4 shows the simulation environment, where 16 beacon nodes and one located node are included. In the sensor deployment, the star represents the located node and the circle represents the beacon node. The locations of beacon nodes are designed as follows: 
The location of the located node is represented by s(x, y).
In addition, we assume that the measurement error satisfies Gaussian distribution, and the variance is related with the interval distance between beacon nodes and the located node. First of all, we test the localisation performance with probability and without probability. The mean value of the location error of 50 times trials is shown in Figure 5 . Similarly, the variance value is shown in Figure 6 . In each simulation trial, the mean value and the variance value of the location error with probability are both lower than that without probability. These results are reasonable because the distance measurements with higher accuracy are used in the probability-based localisation algorithms. However, the different measuring errors are treated the same in the alternate situation.
In addition, the effect of the probability on the accuracy of the location estimation is tested and shown in Figures 7 and 8. In this situation, the larger the probability of these precise distance measurements causes higher location accuracy. The mean value of the location error in one simulation (see online version for colours) Figure 6 The variance value of the location error in one simulation (see online version for colours)
Figure 7
The mean value of the location error for different probability-based localisation algorithms (see online version for colours)
In the probability-based localisation algorithms, the probability matrix need to be designed in advance and the probability matrix is related with two factors d 0 and α.
The following part will test the effect of these two factors on the accuracy of the estimated locations. Figure 9 shows the relationship between the mean value of the location error and the distance parameter d 0 . The location error in the probability-based localisation algorithms is lower than that of the probability-free localisation algorithms. The difference becomes less obvious when the distance parameter d 0 is a little larger. A special case happens when d 0 is equal to or larger than the maximum interval distance. These results are explained according to equation (12) . When the distance parameter d 0 is large, all measurements are treated with the same probability. This is equivalent to the probability-free situation. Figure 10 shows the relationship between the variance value of the location error and the distance parameter d 0 . The variance value decreases with respect to the distance parameter d 0 .
In contrast to the probability-free localisation algorithm, the probability-based localisation algorithms can reduce the variance value. Combining the results in Figures 9 and 10 , it is simple to obtain that the accuracy can be improved by assigning different probability for different ranging measurements.
Figure 8
The variance value of the location error for different probability-based localisation algorithms (see online version for colours) Figure 9 The relationship between the mean value of the location error and the distance parameter d 0 (see online version for colours) Figure 10 The relationship between the variance value of the location error and the distance parameter d 0 (see online version for colours)
However, if poor distance measurements are assigned with larger probability, the situation becomes worse and the accuracy will be reduced. Figure 11 shows the comparison of the mean value of the location error for three cases, and Figure 12 shows the comparison of the location error for three cases. The first case is the lease square-based localisation algorithm. In this case, each ranging measurements are treated with the same confidence and assigned with the same probability. The second case consists of poor ranging measurements that are treated with high confidence and assigned with high probability. In the final case, bad ranging measurements are selected and treated with higher confidence and assigned with higher probability. The simulation results show that the mean value and the variance value of the location error become larger when poor ranging measurements are selected. Although the probability-based localisation algorithm is a fine choice to determine the location of unknown sensor nodes, the location accuracy always depends on the selection of the assigned probability for each ranging measurement. Figure 13 shows the relationship between the mean value of the location error and the attenuation factor, and Figure 14 shows the relationship between the variance value of the location error and the attenuation factor. The attenuation factor has little effect on the probability-free localisation algorithms. However, it is necessary to select the appropriate value of the attenuation factor to improve the location accuracy for the unknown sensor nodes. Throughout the simulation, the mean value of the location error in the probability-based localisation algorithm is less than that in the probability-free localisation algorithm when the attenuation factor is in the range [0, 0.65]. The probability-based localisation algorithm almost has the same accuracy with the probability-free localisation algorithm when the attenuation factor is in the range [0.65, 1, 1] . When the attenuation factor is larger than 1.1, the accuracy of the probability-based localisation algorithm is greatly reduced. On the basis of equation (13), the attenuation factor determines the probability value. When the attenuation factor becomes large, the probability value decreases very fast and almost equal to zero. Thus, the ranging measurements will not be used if the corresponding probability value is equal to zero. The numbers of beacon nodes used to estimate the location of unknown sensor nodes are reduced so that the accuracy of the estimated location is also reduced. By the simulation results, we can obtain that it is very important to select the range of the attenuation factor to improve the accuracy of the estimated location for the unknown sensor nodes. Figure 11 The comparison of the mean value of the location error for three cases (see online version for colours) Figure 12 The comparison of the variance value of the location error for three cases (see online version for colours) Figure 13 The relationship between the mean value of the location error and the attenuation factor α (see online version for colours) Figure 14 The relationship between the variance value of the location error and the attenuation factor α (see online version for colours)
Finally, we will perform some simulations to show the relationship among the accuracy and the distance parameter and the attenuation factor. Figure 15 shows mean value of the location error with respect to the attenuation factor and the distance parameter in the probability-free localisation. The attenuation factor almost has no effect on the mean value of the location error. This result is obvious because all ranging measurements are treated with the same probability. When the distance parameter becomes large, the mean value of the location error becomes small. This is because the increase of the distance parameter implies that reduction of ranging errors. The location error will be close to zero when the distance parameter is large enough. This situation is equal to the case where no ranging noise exists.
Figure 15
The mean value of the location error with respect to the attenuation factor α and the distance parameter d 0 in the probability-free localisation algorithms (see online version for colours) Figure 16 shows the mean value of the location error with respect to the attenuation factor and the distance parameter in the probability-based localisation. When the distance parameter is large enough, the attenuation factor almost has no effect on the mean value of the location error. However, when the distance parameter is not large, increasing the attenuation factor will improve the mean value of the location error and reduce the location accuracy of the unknown sensor nodes. Therefore, selecting appropriate parameters are important to improve the location accuracy. On the basis of the above simulation results, the accuracy can be improved when the probability of ranging error is integrated into the localisation algorithm. At the same time, we have to note that the accuracy of estimated locations is still related with the selection of some parameters, such as the distance parameter d 0 and the attenuation factor α.
Figure 16
The mean value of the location error with respect to the attenuation factor α and the distance parameter d 0 in the probability-based localisation algorithms (see online version for colours)
Conclusion and future work
In WSNs, determining locations for sensor nodes is a basic problem. In this paper, we consider the different characteristics for distance measurements and provide a range-based localisation algorithm integrated with the probability of ranging error. First of all, we formulate the localisation problem and obtain the location for the unknown sensor node by integrating the probability of ranging error. Then we provide a method to obtain the probability matrix based on the ranging error. In addition, the performance has been validated by simulations. In contrast to these localisation algorithms without considering the ranging error, the probability-based localisation algorithm can reduce the location error effectively. Nevertheless, the performance improvement can be obtained when appropriate parameters are selected. Inappropriate parameter selection may reduce the accuracy of the estimated locations for unknown sensor nodes.
For future work, we plan to investigate the factors, which effect the selection of probability of different ranging error. In addition, we will study the performance of the proposed probability-based localisation algorithms when the statistical law of the ranging error is unknown.
